Lignocellulosic composites (LCs) were prepared by partially dissolving cotton along with steam exploded Aspen wood and burlap fabric reinforcements utilizing an ionic liquid (IL) solvent. Two methods of preparation were employed. In the first method, a controlled amount of IL was added to preassembled dry matrix of cotton and Aspen wood with a burlap weave reinforcement. In the second method, IL solvent, cotton, and Aspen wood were mixed to produce a thick paste matrix that was subsequently pressed into the burlap weave reinforcement. The IL-based solvent was removed via water soaking, and the flexural and tensile properties of the LCs were examined. In this study, the matrix paste method produced a superior LC. Variables such as processing time (IL interaction time) and fabric weaves were found to influence the mechanical properties of the LCs. Although significant process optimization can still be realized, the mechanical properties of several of the LCs fabricated in this study were comparable to injection molded test specimens of neat high density polyethylene or neat polypropylene.
Introduction
There is an ever growing need to produce goods (e.g., fuels and consumer/industrial items) without petroleum [1] [2] [3] [4] [5] . Alternative sources of energy and feedstocks for materials and chemicals utilizing renewable resources are sought in order to lessen the dependence on petroleum, improve product performance, minimize environmental impact, and reduce costs [2] . Biofuels may be obtained by processing and fermenting lignocellulosic materials (i.e., waste wood, corn stover, and sugarcane bagasse).
About 8% of total petroleum products (i.e., crude oil and natural gas) are utilized in the manufacture of plastics [6, 7] . Bioplastic alternatives, whether biodegradable (polylactic acid or polyhydroxyalkanoates) or nondegradable (biopolyethylene or biopolyethylene terephthalate), are obtained by processing renewable resources into monomers [1] . Unfortunately, processing biosubstrates into monomers is often too energy intensive to be cost competitive with petroleum-based monomers. An alternative is to directly incorporate biomaterials with thermoplastics to produce composites and thereby displace some of the plastics produced from bio-or oilderived monomers. Lignocellulosic biomass from a variety of sources is routinely blended in percentages up to 50% with thermoplastics to produce biocomposites (i.e., wood plastic composites (WPCs)) [8] [9] [10] [11] [12] . While WPCs have certain economic and sustainability advantages, they also have inherent limitations such as the incompatibility issues occurring between the matrix (polyolefins) and the filler/reinforcement (lignocellulosic material). WPCs are difficult to recycle and, of course, still utilize substantial amounts of thermoplastics which continue to pose environmental problems [6, 13, 14] .
Plastics are typically defined as synthetic materials made from a wide range of organic polymers, such as polyethylene, polypropylene, and nylon, that can be molded into shapes while being soft and then set into a rigid or slightly elastic forms [7, 10] . However, the term plastics can also be defined more generally as materials that can be easily shaped 2 International Journal of Polymer Science or molded without regard to any thermoplastic reference. The focus of our research is to create biocomposites that are wholly composed of natural substrates but that are moldable. Furthermore, our goal is to generate composites that exhibit mechanical properties on par with petroleumbased thermoplastics. Other considerations are to produce these composites at a comparable cost to thermoplastics and employ sustainable processes that have a smaller environmental footprint than thermoplastics. In so far as this is possible, several intriguing synergies are apparent. First, inherit incompatibilities between natural and synthetic substrates may be avoided. Second, biocomposites composed of the same or similar materials should be easier to recycle (even becoming compostable) [15, 16] . Third, biocomposites may exhibit unique property combinations (i.e., strength, flexibility, and water transport) which are not easily obtained from synthetic polymers.
The concept of developing all-cellulose composites (ACCs), in which both the matrix and the reinforcement agents are cellulose-based, has been demonstrated [15] [16] [17] [18] [19] [20] [21] [22] . Speaking broadly, ACCs are prepared by introducing a cellulose matrix around a fibrous (cellulosic) reinforcement material. Cellulose is the most abundant biopolymer in nature with an estimated production of 1.5 × 10
12 tons/year and has mechanical properties (tensile strength: 13-17 GPa; tensile modulus: 138 GPa; density of 1.58 g/cm 3 ) on par or exceeding many of the common synthetic polymers [15, 16] . To create ACCs, a wet process is necessary, for example, dissolving cellulose in N,N-dimethylacetamide containing LiCl followed by its resolidification in the presence of reinforcement material [15] . Ionic liquids (ILs) such as 1-ethyl-3-methylimidazolium acetate (EMIMAc) have also been utilized to prepare ACCs [23] . ILs may also be used to prepare composites using other biopolymers such as silk [21] . Although IL is currently expensive, it has certain advantages over other cellulose dissolving solvents such as being recyclable, relatively environmentally friendly, and very effective [19, [21] [22] [23] . In addition, finding large-scale uses for IL will undoubtedly reduce its manufacturing costs. In this work, we sought to fabricate complex, moldable composites composed primarily of lignocellulosic materials utilizing IL as the cellulose solvent. Unlike in other studies where highly refined cellulose materials were employed, we are interested in employing lower cost lignocellulosic ingredients with minimal processing to generate lignocellulosic composites (LCs). Wood, for example, is a composite tissue composed of cellulose and hemicellulose with lignin acting as the network fiber binding carbohydrate components into compact structures [2] . It is difficult to dissolve wood with conventional solvents because of the intricate relationship between lignin and polysaccharide constituents. Much interest exists in separating the lignin from the carbohydrates to manufacture biofuels and chemical feedstocks [24] [25] [26] [27] [28] .
This report explores different approaches to adequately mix biomaterials and IL solvents to yield LCs. The influence of solvent exposure time (i.e., the time IL interfaced with the LC components) and the effect of employing different reinforcement types and weaves on the LC mechanical properties were explored. We further compared the mechanical properties of the LCs generated specimen bars to that of injection molded bars composed of neat high density polyethylene (HDPE) or neat polypropylene (PP). This was done to determine if the LCs mechanical properties were comparable to thermoplastic resins. The cost of the unprocessed raw materials utilized in the LCs, cotton, $0.58-0.69/lb, Aspen wood fiber, $0.12-0.25/lb, and Jute burlap fibers, $0.14-0.25/lb (http://www.alibaba.com/), suggests these LCs ($0.35-0.40/lb) are cost competitive with thermoplastics (i.e., HDPE ($0.52-0.70/lb) and PP ($0.65-0.75/lb)) for use in a variety of applications (http://www.plasticstoday.com/).
Material Processing and Experimental Methods

Chemicals and Materials.
The IL, EMIMAc (>98% purity), was obtained from IoLiTec Inc., Tuscaloosa, AL. Acetonitrile (ACN) (≥99.5% purity) was obtained from SigmaAldrich, St. Louis, MO. Reagents were used as received without any additional purification or modification. Nonabsorbent (nonsterile/bleached) cotton (100% cotton) was obtained from U.S. Cotton Co., Lachine, Canada. Aspen steam exploded wood (SEW) was provided by USDAForest Service Southern Research Station, Pineville, LA. Aspen wood chips were soaked in water for 16 hr and then they were subjected to temperature of 190 ∘ C and pressure of 1.3 MPa for 5 min followed by the rapid release of pressure. Reinforcement fabrics employed were obtained from 23 × 40 burlap bags, (ULine, Chicago, IL), burlap ribbons (Hobby Lobby, Oklahoma City, OK), and cotton canvas (DMC Corp., Kearny, NJ) ( Table 1 ). The chemical composition of materials used in this study were cotton (94% cellulose), Aspen wood (57% cellulose, 20% hemicellulose, 16.3% lignin), and jute fiber (64-65% cellulose, 20-25% hemicellulose, 10-15% lignin) (http://textilefashionstudy.com/; http://www .wikipedia.org/). Materials were dried for 48 hr at 60 ∘ C prior to use.
Preparations.
Two distinct procedures were conducted to obtain LCs. Table 1 summarizes the various treatments conducted in this research project.
Direct Application Method (DAM) of ILs.
Dry matrix and reinforcement fiber weave were layered together (prior to adding solvent). Burlap fabric weaves were cut into 75 mm × 25 mm pieces. Cotton and SEW were mixed in a blender prior to use. The matrix material (0.8 g) was sandwiched between two layers of burlap weave, each ∼0.45 g weight, in a rectangular silicone pan (75 mm × 25 mm × 27 mm ) (Freshware Inc., Alhambra, CA). IL of 3.5 mL of 1 M EMIMAc was applied to the surface of the burlap weave in a drop wise fashion and allowed to penetrate for 3 min. The LC sandwich was turned over and a second application of 1.75 mL IL was administered to the burlap weave. A total of 5.25 g of IL was administered to the composite components. LCs, still in silicone trays, were microwave heated at 50 watts for 10 minutes in Ethos EX microwave Labstation (Milestone Inc., Shelton, CT) during which time the microwave was stopped to periodically flip the LC sandwich. The LC samples were pressed between stainless steel plates and incubated in an oven at either 60 ∘ C or 80 ∘ C for 30, 90, and 1200 minutes and then they were transferred to containers containing 2000 mL deionized distilled water to remove IL. Water was replaced every hour for 4 consecutive hours. Composites were transferred to paper towels and pressed between stainless steel sheets under 4.6 MPa for 16 hrs until dried.
Matrix Paste Method (MPM) of ILs.
To prepare the lignocellulose matrix, 0.2 g of cotton was immersed in 10 g solution of 1 mol EMIMAc : 1 mol ACN in a rectangular silicone pan (75 mm × 25 mm × 27 mm ). The mixture was exposed to microwave heating for 15 s at 250 watts and then stirred with a microscapula. This heating and stirring process was repeated three additional times in order to obtain a partially viscous cotton paste. Next, 1 g of SEW was added to the paste by stirring then microwaved for 1 min at 50 watts; this heating and stirring process was repeated once more. LCs were created by applying the matrix material evenly to the bottom of a second rectangular silicone pan and then pressing a 75 mm × 25 mm piece of burlap bag fabric weave, weighing ∼0.5 g, into the matrix; next a second layer of matrix was applied and an additional weave was applied followed by another layer of matrix. Silicone trays were incubated at 80 ∘ C for 1200 min and then transferred to trays containing deionized distilled water to remove IL. Water was replaced every hour for 4 consecutive hours at 25 ∘ C. LCs were then transferred to paper towels and pressed between stainless steel sheets under 4.6 MPa for 16 hrs at 60 ∘ C until dried. In some experiments, different fabric weaves were substituted for the burlap bag weave (Table 2 ).
Mechanical Property Measurements.
LCs were punched with a clicker press fitted with specimen cutting dies to obtain ASTM test specimen sample bars: ASTM D790 flexural testing bar (12.7 mm × 63.5 mm × 1.5 mm thickness) and ASTM D638 Type V tensile testing bar (9.5 mm grip area × 3.2 mm neck × 63.5 mm × 1.5 mm thickness × 7.6 mm gage ). The Type V bars were used for the tensile strength property tests. The flexural bars were used to evaluate flexural properties.
Cut, dry LCs were conditioned for approximately 240 hours at standard room temperature and humidity (23 ∘ C and 50% RH) prior to any test evaluations. ASTM D638 Type V tensile bars were tested for tensile modulus ( ), tensile strength ( ), and elongation at break (%El) using a universal testing machine (UTM) Instron Model 1122 (Instron Corporation, Norwood, MA). The speed of testing was 5 mm/min. Three-point flexural tests were carried out according to ASTM-D790 specification on the Instron UTM Model 1122 using flexural bars. The flexural tests were carried out using Procedure B with a crosshead rate of 13.5 mm/min. The flexural strength ( fm ) and flexural modulus of elasticity ( ) were calculated. Five specimens of each formulation were tested. The average values and standard errors were reported. Comparisons of the mechanical properties of the LCs with commercial polyolefins were conducted through normalization processes. The two common polyolefins tested were HDPE and PP matrix using Petrothene LS 5300-00 and Pro-fax SB891 (Equistar Chemical LP, Houston, TX). The specific physical properties and method to prepare injection molded tensile and flexural bars have been previously described [11, 12] . A 30-ton molding machine (Model Engel ES 30, Engel Machinery Inc., York, PA) using an ASTM family mold to obtain HDPE or PP test bars. Set point temperatures ( ∘ C) for the four zone injection molding barrel were feed = 160, compression = 166, metering = 177, and nozzle = 191. The mold temperature was 37 ∘ C. Type V bars were used for the tensile strength property tests. The flexural bars (12.7 mm × 63.5 mm × 3.2 mm thickness) were used to evaluate flexural properties of the composites. Type V bars (9.5 mm grip area × 3.2 mm neck × 63.5 mm × 1.5 mm thickness) were used to evaluate tensile mechanical properties of the composites. The average , , %El, fm , and values of HDPE were 21.5, 339, 105, 27.9, and 894, respectively. The average , , %El, fm , and values of PP were 25.2, 576, 82.2, 43.9, and 1386, respectively [11, 12] .
Results and Discussion
Influence of Reaction Incubation Time.
EMIMAc has been reported to dissolve 100 g microcrystalline cellulose per kg EMIMAc IL and 50 g maple wood flour per kg EMIMAc IL [27] . In contrast we employed ∼1.3 g cotton/SEW/burlap with 5.25 g of IL to obtain our LC. Our aim was to procure an LC with the minimum amount of IL to reduce cost and limit denaturation to fiber reinforcements. Very little is known concerning how to prepare LC with IL and lignocellulosic ingredients as employed in this study. Therefore, we initially sought to determine how long should the LC mixture incubate with the IL solution (i.e., 1 M EMIMAc : 1 M ACN) to achieve adhesion among the ingredients (Figure 1 ). values of the LC incubated for 1200 min at 60 ∘ C exhibited a 190% and 260% increase versus LC incubated for 30 min at 60 ∘ C. Although the optimum incubation time was not determined, it is clear that the IL solution can continue to react with the LC components for a considerable time span. Additionally, it should be noted that the amount of adventitious water in the IL solvent and biomaterial substrates may slow the mobilization of biopolymer (e.g., cellulose) considerably and it will be addressed in future work [27] [28] [29] [30] [31] [32] [33] .
The IL must be removed from the LC for hydrogen bonding networks to be established between matrix and fiber components. Several solvents have been employed to remove IL from the treated biomass materials [33] . When the LC is introduced into water, an immediate swelling of the LC occurs along with a brownish discoloration of water. We replaced the water every hour for four consecutive hours and noted that substantially less of the brownish material was exuded from the LC each time the water was replaced. In other studies, data not shown, leaving the LC overnight in water did not improve the mechanical properties of the LC versus using a 4-hour soaking treatments. The influence of the soaking temperature was also examined using 25 ∘ C or 70 ∘ C. In both cases, the LC swelled considerably in the water. Furthermore, increasing the soaking temperature from 25 ∘ C to 70 ∘ C did not improve the mechanical properties of the LCs. For example, LCs water soaked for 30 min at 70 ∘ C exhibited fm and values that were 10% less than LCs water soaked in 30 min at 25 ∘ C. In addition, we found it important to press the final LC to compress the components, reduce air spaces, and extrude excess water. LCs that were not pressed were physically weaker and exhibited much lower mechanical properties than pressed LCs.
The influence of incubation temperature on the mechanical properties was explored by incubating LCs at 1200 min at 60 and 80 ∘ C followed by mechanical properties testing. Employment of 80 ∘ C versus 60 ∘ C improved the and %El values by 27% and 42%, respectively, but it had little effect on the stiffness ( ), fm , or values. The MPM (premixing the cotton and SEW with IL before sandwiching this mixture between the burlap layers) resulted in an LC with generally better mechanical values compared to LC prepared by the DAM of IL application (Figure 2) . LCs prepared by MPM exhibited , , fm , and values that were +40, +102, +140, and +247% higher than LCs prepared by the DAM. LCs prepared by MPM exhibited a decrease of 25% in %El values compared to LCs prepared by DAM. As seen in Figure 3 , greater integration of the matrix with the burlap bag reinforcement fibers occurs in the LCs utilizing the MPM versus the DAM. LCs produced via the DAM clearly shows the outline of the original burlap bag weave (Figure 3(a) ), International Journal of Polymer Science while the MPM method shows a covering of the weave by the matrix materials (Figure 3(b) ).
Influence of Reinforcement Types and Weaves.
The influence of the reinforcement medium was investigated by employing burlap weaves of different strand thicknesses and opening sizes (Table 1; Figure 3 ). Relatively tight weave reinforcement materials produced an LC which had the lowest overall mechanical values of all the reinforcements tested ( Figure 4) . Visual examination showed that matrix material did not penetrate well between the openings and predominately coated only the outside portion of the weave. This resulted in an LC that exhibited high elongation values but low tensile and flexural values. Interestingly, the burlap bag weave which had thicker strands (1 mm), smaller opening sizes (1 mm 2 ), and less openings (15.5/cm 2 ) than the tight weave which had thinner strands (0.5 mm), larger opening sizes (1.5 mm 2 ), and more openings (23.3/cm 2 ) produced LCs with better mechanical properties. It should be noted that this burlap bag weave had more loose fiber protrusions than the tight weave ribbon. This was due to the more highly refined state of manufacturing involved in manufacturing the tight weave burlap ribbon compared to the less expensive burlap bag weave. However, the burlap bag weave/LC exhibited , , fm , and values that were +75, +57, +68, and +53% higher than tight weave/LC. The loose weave burlap/LC and cotton weave/LC exhibited the second best and best mechanical properties of the LCs tested. The cotton weave/LC exhibited the highest and values at ∼45 MPa and ∼800 MPa, respectively (Figure 3) . A likely explanation of these results is that increasing the interfacial area of the reinforcement allows for greater access of the matrix material (i.e., loose weave versus tight weave) to produce LCs that had higher mechanical properties. Figures 5 and 6 favorably to commercial polyolefins. It is the contention of the authors that the LCs produced in this study may have merit to compete with polyolefins in certain short term applications. At this time, these LCs should not be considered as durable as polyolefins in terms of their mechanical properties, although they are more biodegradable. However, with appropriate surface functionalization and/or coatings, properties such as water absorption can be significantly altered in these LCs.
Conclusions
Relatively simple methods to produce LCs were demonstrated using IL. LCs were fabricated from dissimilar components such as cotton, SEW, and burlap fabric using either a direct application of IL solution to prepared dry components or by premixing the matrix materials (cotton and SEW) with IL then applying it to the burlap fabric. Other variables such as fabric weave patterns and solvent incubation time and temperature were found to significantly influence the mechanical properties of LCs generated. The methodologies employed produced LCs on par with synthetic polymers such as HDPE and PP. There are many remaining questions that need further investigation. As we continue to refine our process methods, optimized LCs will be subjected to chemical (e.g., X-ray diffraction), thermal characterizations and scanning electron microscopy examinations. In addition, studies will be conducted to decrease incubation periods by controlling the amount of adventitious water in substrates and solvent. Finally we are conducting studies to recover and recycle IL-based solvents. 
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